During the development of the nervous system, the acquisition of the GABA neurotransmitter phenotype is crucial for neural networks operation. Although both intrinsic and extrinsic signals such as transcription factors and growth factors have been demonstrated to govern the acquisition of GABA, few data are available concerning the effects of modulatory transmitters expressed by axons that progressively invade emerging neuronal networks. Among such transmitters, serotonin (5-HT) is a good candidate because serotonergic axons innervate the entire CNS at very early stages of development. We have shown previously that descending 5-HT slows the maturation of inhibitory synaptic transmission in the embryonic mouse spinal cord. We now report that 5-HT also regulates the spatiotemporal changes of the GABAergic neuronal population in the mouse spinal cord. Using a quantitative confocal study performed on acute and cultured spinal cords, we find that the GABAergic population matures according to a similar rostrocaudal temporal gradient both in utero and in organotypic culture. Moreover, we show that 5-HT delays the appearance of the spinal GABAergic system. Indeed, in the absence of 5-HT descending inputs or exogenous 5-HT, the GABAergic population matures earlier. In the presence of exogenous 5-HT, the GABA population matures later. Finally, using a pharmacological approach, we show that 5-HT exerts its action via the 5-HT 1 receptor family. Together, our data suggest that, during the course of the embryonic development, 5-HT descending inputs delay the maturation of lumbar spinal motor networks relative to brachial networks.
Introduction
During the development of the CNS, serotonin (5-HT) is involved in many processes such as those involved in the control of neuronal excitability (Hayashi et al., 1997) , neuronal coupling (Rorig and Sutor, 1996) , and expression of receptor subtypes (Lauder et al., 2000) and plays a crucial role in the maturation of neuronal networks (for review, see Vinay et al., 2002; Gaspar et al., 2003; Luo et al., 2003; Clarac et al., 2004) . However, much less is known about the role of 5-HT in controlling the ontogeny of other neurotransmitters. Among the many neurotransmitters present in the CNS, GABA plays a major role in the operation of neural networks, and interestingly during ontogeny, its functional action switches from an excitatory to an inhibitory mode (Ritter and Zhang, 2000; Ganguly et al., 2001; Gao et al., 2001 ). This ontogenic switch occurs in all vertebrate CNS regions but at different stages of development depending on the type of neural network: between embryonic day 13 (E13) and E15 in the mouse spinal cord and within the first postnatal week in the mouse brainstem pre-Botzinger complex (Ritter and Zhang, 2000) .
The ontogenic changes in GABA function have been well documented (Ben-Ari, 2002; Owens and Kriegstein, 2002) , as well as the dynamics of the expression of the GABA populations during development (Ma et al., 1992; Binor and Heathcote, 2001; Allain et al., 2004b) . Interestingly, the functional switch from excitation to inhibition in the lumbar mouse spinal cord starts to develop concomitantly with a transient peak in the level of the GABA phenotype (i.e., at E14.5) ). An important open question remains: How is the expression of the GABA phenotype controlled during development?
Previously, we showed that the transient increase in GABA expression in the mouse spinal cord coincides with the developmental stage at which 5-HT supraspinal descending inputs reach spinal levels (Ballion et al., 2002; Allain et al., 2004b) . Additionally, we also demonstrated that the removal of serotonergic innervations accelerates the development of GABA intraspinal inhibitions at the physiological level . The aim of the present study was to determine whether 5-HT descending inputs also regulate the expression of the GABAergic phenotype in the mouse spinal cord. To address this issue, we used the entire mouse spinal cord maintained in organotypic culture. This unique preparation allows access to the neuronal spinal populations and the manipulation of descending inputs from supraspinal sources .
We provide evidence that, in cultured embryonic mouse spinal cords, the GABAergic population expresses a transient increase in number that occurs with a rostrocaudal delay. We show that, as in vivo, the transient GABA expression appears concomitantly with the arrival of supraspinal 5-HT descending terminals. We demonstrate that 5-HT controls the maturation of this population by delaying its transient increase. Finally, we show that this control specifically operates through an activation of the 5-HT 1 receptor family. A preliminary report of this study was published in abstract form (Allain et al., 2004a) .
Materials and Methods
Animals and isolation of spinal cords. Pregnant adult and newborn OF1 mice (Charles River Laboratories, St. Germain sur L'Arbresle, France) were maintained and killed according to protocols approved by the European Community Council and conforming to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. E0.5 corresponded to the day following the mating night (i.e., day 0.5 of gestation) (confirmed by the observation of a vaginal plug by Charles River Laboratories), and postnatal day 0 (P0) corresponded to the date of birth. Experiments were performed on embryos at E11.5, E13.5, E15.5, and E17.5 and on newborn mice at P0. Embryos were removed surgically from pregnant mice previously anesthetized with diethyl ether. Embryos were rinsed with Dulbecco's PBS at 6 -8°C, and their spinal cords with dorsal root ganglions and meninges were removed. The spinal cords were placed ventral-side down in 35 mm Falcon dishes, previously coated with Sylgard (Dow Corning, Midland, MI), containing 300 l of PBS. Spinal cords were placed ventral-side down on the substrate to allow the opening of the dorsal side at the level of the dorsal fissure. In this study, 483 embryos from 116 pregnant females and six P0 pups were used.
Organotypic cultures. Embryos at E11.5 were removed under sterile conditions. The spinal cord was isolated as described above and positioned into 300 l of Matrigel (BD, Le Pont de Claix, France) diluted 1:4 with culture medium. Opened spinal cords were maintained for 2-8 d in culture (DIC) at 37°C in a 6 -8% CO 2 incubator with a 100% humidity atmosphere in the following culture medium: 50% DMEM (Sigma, St. Louis, MO) containing 25 mM glucose, 25% HBSS (Sigma), 15% distilled water, and 10% horse serum (Sigma), to which 0.002% H 2 O 2 , 0.03% L-glutamine (Poly-Labo, Strasbourg, France), and 0.03% penicillin-streptomycin (10,000 U/10,000 g; Sigma) were added immediately before use. Pharmacology. To evaluate the role of 5-HT in the maturation of the GABAergic population in the spinal cord, we either removed all endogenous 5-HT sources by using p-chlorophenylalanine (pCPA; 10 M; Sigma), an inhibitor of the enzyme tryptophan hydroxylase (Koe and Weissman, 1966) , or added exogenous 5-HT (5 M; Sigma) directly diluted in the culture medium. 5-HT receptors were selectively antagonized using 5 M of the following pharmacological agents: WAY 100635 (5-HT 1A antagonist; a generous gift from Dr. L. Segu, Université Bordeaux 1, Talence, France), SB 224289 hydrochloride (5-HT 1B antagonist; Tocris, Bristol, UK), ketanserin tartrate salt (5-HT 2A/2B antagonist; Sigma), and 3-tropanylindole-3-carboxylate methiodide (5-HT 3 receptor antagonist; Sigma). These highly selective antagonists were diluted in the culture medium and renewed every 2 d, as was 5-HT.
Immunofluorescence. Acute or organotypically cultured spinal cords were fixed in 2% paraformaldehyde and 10% sucrose in 0.2 M PBS, pH 7.5, for 2 h at room temperature. Spinal cords were then rinsed with PBS and incubated in primary antibody for 48 h at 4°C in 0.2 M PBS containing 0.2% bovine serum albumin (BSA) and 0.1% Triton X-100. The primary antibodies used in the present study were as follows: rabbit polyclonal anti-GABA (A2052; 1:200; Sigma), rabbit polyclonal anti-5-HT (for specificity, see Tramu et al., 1983) (1:5000; kindly provided by Prof. G. Tramu, Université Bordeaux 1, Talence, France), mouse monoclonal anti-NeuN (neuronal nuclei; 1:500; Chemicon, Temecula, CA), and mouse monoclonal anti-microtubule-associated protein 1B in a specific phosphorylated form (MAP1B-P; 1:150; a generous gift from Dr. F. Nothias, 'Université Pierre et Marie Curie, Paris, France). After rinsing, spinal cords were incubated at room temperature for 2 h in a fluoresceinconjugated anti-rabbit IgG (1:100; Sigma) and/or rhodamineconjugated anti-mouse IgG (1:100; Jackson ImmunoResearch, West Grove, PA). After three 10 min rinses, the preparations were mounted in a mixture containing 90% glycerol and 10% PBS, with the addition of 2.5% 1,4-diazabicyclo[2,2,2]octane (DABCO; Sigma) to reduce the rate of fluorescence quenching. Because we used paraformaldehyde as fixative whereas the GABA-BSA antigene (Sigma) used to immunize rabbits was generated using glutaraldehyde as fixative, we performed control experiments to verify the specificity of our GABA labeling. We tested three times, on lumbar spinal cord sections from E12.5, E13.5, and E14.5 embryos, gradual increases in concentrations (4, 40, and 400 M) of the GABA-glutaraldehyde-BSA conjugate to preabsorb the GABA antiserum. No GABA labeling was observed using Ն40 M concentrations of conjugate ( Fig. 1 A1-A3) .
Confocal acquisitions. Preparations were viewed with a BX51 Olympus (Tokyo, Japan) Fluoview 500 confocal microscope equipped with an argon laser light source. For the quantitative analysis, serial optical sections at intervals of 3 m were imaged with a 60ϫ oil objective. For double labeling, 0.2 m serial optical sections were imaged. Unless stated Image analysis and quantification. The distribution of GABA immunoreactivity was analyzed in the ventral gray matter along the entire spinal cord, allowing the establishment of a rostrocaudal cartography of this distribution. To identify the cellular category to which the GABAimmunoreactive (-IR) cell bodies belong, we performed, in eight organotypic cultures, a double staining using the neuronal marker NeuN and the GABA antiserum. In all experiments, GABA-IR somata were immunoreactive for NeuN. These data, which were quantified in three cultures (one at 4 DIC and two at 6 DIC), indicated that 97.7% of the GABA-IR somata (386 of 395 cell bodies) at 4 DIC and 98.7% of the GABA-IR somata (146 of 148 cell bodies) at 6 DIC were NeuN positive ( Fig. 1 B1-B3 ). In our quantitative analysis, we paid attention to consider only GABA-IR cell bodies. Also, we systematically checked, on serial confocal sections, for the presence of the nucleus and not considered extensions of the dendritic and axonal arborization of the cell. Quantitative analysis was then performed at the brachial and lumbar levels: series of optical sections were taken at each level in an area chosen at random. The physical dissector technique (Coggeshall and Lekan, 1996) was used to determine the density of GABAergic cells. We used two 3-m-thick optical sections: a reference section (n section) located 10 m below the periependymar layer and a look-up section at the n ϩ 2 level, the gap between the two sections being determined by the average GABA-IR cell diameter (5 m). Only GABA-IR cells located on the reference section were counted, and those observed on both sections (reference and lookup) were not counted. Thus, the probability of counting the same cell twice was very low. To convert the number of GABA-IR cells counted to a density, we used an optical section area a Ref Statistics. Quantitative data were presented in histograms in which each bar corresponds to the average of six values from six embryos from three different litters. All values were expressed as mean Ϯ SEM. Statistical significance of difference was assessed by a paired two-tailed Student's t test or by a nonparametric Kruskal-Wallis one-way ANOVA, followed by a pairwise multiple comparisons post hoc test (Dunn's method) using SigmaStat. The level of significance was set at p Ͻ 0.05.
Results

The GABAergic population of the spinal ventral gray matter matures according to a rostrocaudal delay in utero and in organotypic culture
The development of the GABAergic population was studied initially in whole-mount preparations of the acute spinal cord. This study was undertaken to examine the in utero development of the GABAergic population and to enable a subsequent comparison with its development in organotypic culture to determine the validity of the culture model. At the brachial level, GABAergic cells were already present in utero at E11.5 ( Fig. 2 A, arrowheads) . GABA staining increased markedly at E13.5 when a large number of labeled somata and processes were observed (Fig. 2C , arrowheads and arrow, respectively). Later in embryonic development (E15.5), although GABA-IR cells were still present and their immunoreactivity was strong, the number of stained perikarya seemed to decrease (Fig. 2 E) . This was confirmed by a quantitative analysis (Fig. 2G , black bars) that revealed that the density of GABA-IR somata was very low at E11.5 (3.4 Ϯ 2.2 ϫ 10 3 cells/ mm 3 ), reached a peak at E13.5 (47.9 Ϯ 3.9 ϫ 10 3 cells/mm 3 ), decreased at E15.5 (19.4 Ϯ 10.5 ϫ 10 3 cells/mm 3 ), and remained low until P0. At the lumbar level, GABA immunoreactivity was never detected at E11.5 (Fig. 2 B) . The first stained somata appeared at E13.5 (Fig. 2 D, arrowheads) . At E15.5 stage, the number of stained perikarya raised and a large number of processes were immunoreactive for GABA (Fig. 2 F, arrows) . A quantification of the ontogeny of the GABAergic population at the lumbar level is illustrated in Figure 2G (gray bars). Whereas there was no staining at E11.5, the density of GABA-IR somata increased dramatically from E13.5 (36.1 Ϯ 9.0 ϫ 10 3 cells/mm 3 ) to E15.5 (53.4 Ϯ 12.7 ϫ 10 3 cells/mm 3 ) when it reached its maximum and then diminished at later stages of development. A statistical analysis indicated that the density of GABA-IR somata at the brachial level was the highest at E13.5 ( p Ͻ 0.05; Dunn's test) compared with E11.5, whereas the following stages (E15.5 to P0) exhibited no differences compared with E11.5. At the lumbar level, although there was no GABA-IR expression at E11.5, the only stage of development that appeared significantly different to E11.5 was E15.5 ( p Ͻ 0.05; Dunn's test), suggesting a peak of GABA immunoreactivity at E15.5. These data indicate that, during the course of embryogenesis in utero, the development of the mouse spinal ventral GABAergic population exhibits two major features: (1) a peak in the density of GABAergic cells is detected at both the brachial and the lumbar levels and (2) a rostrocaudal delay in the expression of this peak in density is present between the brachial and lumbar levels (peak at E13.5 and E15.5, respectively).
To verify whether this ontogenetic pattern is preserved in organotypic culture of the entire spinal cord, we performed a similar immunocytochemical analysis on cultured spinal cords. Spinal cords were taken from E11.5 embryos and maintained in culture. The development of GABA immunoreactivity was then analyzed after 2, 4, 6, and 8 DIC at both the brachial and lumbar levels. At the brachial level, the number of GABA-IR cells increased after 2 DIC, with numerous somata and processes labeled (Fig. 2 H, arrowhead and arrow, respectively), and decreased at 6 DIC ( Fig. 2 J) . These changes were confirmed by quantitative analysis (Fig. 2 L, black bars) indicating that the density of somata immunoreactive for GABA reached a peak after 2 DIC (68.3 Ϯ 22.3 ϫ 10 3 cells/mm 3 ), decreased at 4 DIC (27.6 Ϯ 8.1 ϫ 10 3 cells/mm 3 ), and remained low at the subsequent days in culture (6 -8 DIC). The statistical analysis revealed that the first stage of maturation in culture that was significantly different from E11.5 was at 2 DIC ( p Ͻ 0.05; Dunn's test). At the lumbar level, GABA-IR somata and processes were present after 2 DIC (Fig. 2 I) at a low density (19.8 Ϯ 6.0 ϫ 10 3 cells/mm 3 ) (Fig. 2 L, gray bars) compared with the brachial level (68.3 ϫ 10 3 cells/mm 3 ) (Fig.  2 L, black bars) . Interestingly, after 6 DIC, the density reached its maximum (63.8 Ϯ 10.9 ϫ 10 3 cells/mm 3 ) and then slightly decreased at 8 DIC (38.8 Ϯ 10.3 ϫ 10 3 cells/mm 3 ). Again, the first stage of maturation in culture that was significantly different from E11.5 was at 6 DIC ( p Ͻ 0.05; Dunn's test). Together, these results indicate that the ontogenic changes in the GABAergic population share similar features in utero and in organotypic culture (i.e., a rostrocaudal delay of maturation of the GABAergic population is observed between upper and lower spinal levels in both conditions).
Development of 5-HT supraspinal inputs in organotypic culture
In utero, 5-HT supraspinal inputs progressively invade the mouse spinal cord: at E13.5, 5-HT-stained axons are detected only at brachial levels, whereas at E15.5, they have reached lumbar levels (Ballion et al., 2002) . Interestingly, the developmental stage at which serotonergic fibers arrive at the respective levels coincides with the period in which the peak of GABA immunoreactivity is detected (present data; Allain et al., 2004b) . To check whether the bulbo-spinal 5-HT innervations follow a similar pattern of development in organotypic culture, we performed an immunohistochemical study of the 5-HT system in culture.
At E11.5, the serotonergic raphe nuclei detected in the medulla (Ballion et al., 2002) did not have projections to the brachial levels of the spinal cord (data not shown). After 2 DIC, 5-HT-IR somata were found in the medulla (Fig. 3A1, arrowheads) , but the 5-HT immunoreactivity was no longer confined to the somata because 5-HT-IR processes were clearly labeled (Fig. 3A1 , arrows). This pattern of expression was maintained during the subsequent days in culture [4 DIC (Fig. 3A2 ), 6 DIC ( Fig. 3A3) , and 8 DIC (Fig. 3A4 )] . At 2 DIC, the first serotonergic fibers were detected at the brachial level (Fig. 3A5) . After 4 DIC, fibers immunoreactive for 5-HT reached the thoracic level (Fig. 3A6 ) . These fibers exhibited growth cones as seen in Figure 3B4 -B6. Using anti-MAP1B-P, the phosphorylated isoform of MAP1B that is enriched in the more distal portion of growing axons (Black et al., 1994) , we found, in the spinal thoracic level as well as in the medulla (Fig. 3B) , that 5-HT immunoreactivity was always associated with MAP1B-P immunoreactivity, indicating that 5-HT labeling was restricted to growing axons and was present in growth cones. Subsequently, growing 5-HT axons were detected at lower thoracic levels at 6 DIC (Fig. 3A7 ). These fibers exhibited growth cones (Fig. 3A9, arrows) . At 8 DIC, growing axons were detected at thoracic and lumbar levels (Fig. 3A8,A10 ). These data indicate that the development of spinal 5-HT projections in organotypic culture parallels that in utero. In organotypic preparations, however, this maturation seems to occur, at least at the lumbar level, with a 2 to 4 d delay relative to in vivo maturation: at E15.5 in utero (Ballion et al., 2002) and at E11.5 plus 6 -8 DIC in organotypic culture.
Role of 5-HT in the maturation of the GABAergic cell population
We have shown that the overall maturation of the spinal GABAergic cell population and 5-HT descending inputs is comparable in organotypic preparations and during in utero development. Our results from organotypic cultures indicate that 5-HT descending inputs reach brachial and lumbar levels after 2-4 and (H-L) . A, B, At E11.5, sparse GABA immunoreactivity is first detected at brachial levels (A), whereas no GABA labeling is present at lumbar levels (B). C, D, At E13.5, numerous cells are detected at brachial levels, whereas few stained cells are revealed at lumbar levels. E, F, At E15.5, the reverse pattern is observed in the spinal cord with a low number of GABA-IR cells at brachial levels (E) and a high number of GABA-IR cells at lumbar levels (F ). G, The quantitative analysis reveals peaks (asterisks) of GABA-IR density at E13.5 and at E15.5, at the brachial level (black bars) and at the lumbar level (gray bars), respectively (*p Ͻ 0.05; Dunn's test), compared with E11.5. H, I, In organotypic culture after 2 DIC, numerous GABA-IR cells are detected at the brachial level (H ), whereas the immunoreactivity is less apparent at the lumbar level (I ). J, K, After 6 DIC, fewer GABA somata are present at the brachial level, whereas a denser population of GABA-IR cells is present at the lumbar level. L, Quantification of the number of GABA-IR cells indicates a peak (asterisks) at 2 DIC at the brachial level and at 6 DIC at the lumbar level (*p Ͻ 0.05; Dunn's test; compared with E11.5). The arrows indicate the GABA-IR process, and arrowheads indicate GABA-IR soma. n ϭ 6 for each stage of development. Scale bars, 20 m.
6 -8 d, respectively (Fig. 3A) , and that this timing coincides with marked changes in the GABAergic cell population. Therefore, to understand the potential role of 5-HT descending inputs in the maturation of the GABAergic population, we manipulated the expression of 5-HT in organotypic preparations. This was done in three ways. In a first set of experiments, the ontogeny of GABA immunoreactivity was followed in the spinal cord in the absence of all 5-HT sources [without the medulla, thus suppressing raphe nuclei projections, and in the presence of pCPA to prevent the release of 5-HT from ectopic 5-HT intraspinal neurons, as described by Branchereau et al. (2002)] (see schematic drawing in Fig. 4 A) . Using the same immunocytochemical procedure as described above, we followed the evolution of the GABAergic population from 2 to 8 DIC. As in control culture, a high number of GABAergic cells (Fig. 4 B, arrowheads) with stained processes (arrow) was found at the brachial level after 2 DIC. After 6 DIC, the number of stained cells decreased (Fig. 4C) . A similar pattern of GABA immunoreactivity was detected at lumbar levels (data not shown), indicating that GABA-IR cells were uniformly distributed along the longitudinal axis of the cord, as illustrated in Figure 4 D. A quantitative analysis of the GABA staining indicated that although there was still a peak in the density of the GABA-IR cells at 4 DIC at the brachial level and 2-4 DIC at the lumbar level (first stages significantly different from E11.5; p Ͻ 0.05; Dunn's test; 70.6 Ϯ 21.4 ϫ 10 3 cells/mm 3 for the brachial level and 47.0 Ϯ 13.7 ϫ 10 3 cells/mm 3 for the lumbar level), the rostro- caudal delay between brachial and lumbar levels had disappeared at the considered stages of culture development (Fig. 4 D) . At later stages of development, the density of GABAergic cells decreased at both levels of the spinal cord (after 8 DIC, 48.9 Ϯ 8.1 ϫ 10 3 cells/mm 3 at the brachial level and 22.8 Ϯ 7.0 ϫ 10 3 cells/ mm 3 at the lumbar level). This result indicates that descending information is necessary for the rostrocaudal delay of the transient increase in the density of the GABA-IR cell population. Moreover, compared with the development in the presence of descending inputs, the maximum density of GABAergic cells is detected earlier at lumbar levels in the absence of descending inputs and when the 5-HT synthesis is blocked: 2-4 DIC in the absence of descending inputs plus pCPA (Fig. 4 D, gray bar) and 6 DIC in the presence of descending inputs (Fig. 2 L, gray bar) . However, this early maturation is not present at brachial levels: peak density at 2 DIC with descending inputs (Fig. 2 L, black bar) and at 4 DIC without descending inputs (Fig. 4 D, black bar) .
In a second set of experiments, to better understand the role of 5-HT, the medulla was removed to prevent the growth of descending axons, but pCPA was not applied, thus allowing 5-HT synthesis by ectopic cells (endogenous 5-HT) (Fig. 4 E) . Under these conditions, in contrast to previous results, only sparse GABA-IR cells were observed at the brachial level after 2 DIC (Fig. 4 F, arrowheads) . At 6 DIC, the number of GABA-IR cells was higher (Fig. 4G) , with a similar pattern of expression along the length of the entire spinal cord (data not shown). As illus- Figure 4 . Role of 5-HT on the maturation of the GABAergic spinal population. A, Schematic drawing of the spinal cord without the medulla maintained in culture with pCPA to eliminate 5-HT synthesis. B, C, In the absence of 5-HT, a very high number of cells is immunostained for GABA at 2 DIC, as illustrated at the brachial level (B); this number then decreases after 6 DIC (C). D, Quantitative analyses reveal a synchronized expression of GABA-IR cells between the brachial and lumbar levels and a peak in density at 2 DIC (asterisks) at the brachial level and at 4 DIC at the lumbar level (asterisks). E, Organotypic cultures without the medulla containing ectopic 5-HT intraspinal cells . F, After 2 DIC, few GABA-IR cells are detected at the brachial level. G, The number of immunoreactive cells increases after 6 DIC. H, Note that the peak of maximum density is synchronized at both levels studied and emerges after 6 DIC (first asterisks). I, The addition of 5-HT to the medium in the presence of pCPA provides an exogenous source of 5-HT to the preparation. J, K, No staining is detected at 2 DIC at the brachial level (J ), whereas numerous GABA-IR cells are observed at 6 DIC at the same level (K ). L, The development of the GABAergic population is synchronized at the brachial and lumbar levels and exhibits a peak of immunoreactivity at 6 DIC (first asterisks). To make a direct comparison, all pictures were taken at the brachial level. *p Ͻ 0.05 (Dunn's post hoc test) compared with E11.5. The arrows indicate GABA-IR neurites, and the arrowheads indicate GABA-IR soma. The dotted lines indicate the midline. n ϭ 6 for each stage in each bar. trated in Figure 4 H, the rostrocaudal delay was not present, and the peaks of GABA cell density occurred at 6 DIC (first stage significantly different from E11.5; p Ͻ 0.05; Dunn's test) at both the brachial and lumbar levels (51.3 Ϯ 11 ϫ 10 3 and 47.2 Ϯ 9.6 ϫ 10 3 cells/mm 3 at the brachial and lumbar levels, respectively). In a third set of experiments, exogenous 5-HT was applied chronically during the maturation of the cultured spinal cord without the medulla and in the presence of pCPA (exogenous 5-HT) (Fig. 4 I) . Under these conditions, we found that after 2 DIC there was no GABA labeling in the entire spinal cord (Fig.  4 J) . However, at 6 DIC, a dense cell population immunoreactive for GABA was present (Fig. 4 K) . This delay in the appearance of the GABA system was uniform along the spinal cord (data not shown). A quantitative analysis (Fig. 4 L) showed that in the presence of a chronic application of 5-HT in the culture medium, the ontogeny of the GABA-IR cell population follows, at the considered stage of culture development, concomitant changes at both the brachial and lumbar levels and that the peaks of maximum GABA density are delayed compared with cultures not treated with 5-HT (Fig. 4 , compare D, L): the first stage significantly different from E11.5 was 6 DIC at both levels ( p Ͻ 0.05; Dunn's test). This result indicates that, although not necessary for the expression of the spinal GABA cells, 5-HT postpones the time window of maximum GABA expression.
Together, these three sets of experiments revealed that at the considered stages of development, in the absence of the medulla, there was an apparent synchronized maturation of the GABA phenotype along the rostrocaudal axis. This result surprised us considering the intraspinal rostrocaudal gradient of neurogenesis. Also, to control whether this gradient was affecting the maturation of the GABA phenotype at early stages of culture development, we analyzed the GABA phenotype after 1 and 2 DIC (i.e., on the day-to-day basis instead on every 2 d) in organotypic cultures developing in the absence of the medulla and 5-HT. At 1 DIC, we found a significantly higher density of GABA-IR somata at brachial level (32.6 Ϯ 2.9 ϫ 10 3 cells/mm 3 ) than at the lumbar level (17.3 Ϯ 5.7 ϫ 10 3 cells/mm 3 ) ( p Ͻ 0.05; Student's t test; n ϭ 6 cultures), indicating that the rostrocaudal gradient of neurogenesis accounts for the development of GABA-IR neurons along the spinal cord. At 2 DIC, no significant differences in the density of GABA-IR somata were observed between the brachial level (40.2 Ϯ 8.7 ϫ 10 3 cells/mm 3 ) and the lumbar level (37.6 Ϯ 6.8 ϫ 10 3 cells/mm 3 ) (n ϭ 12 cultures; data not shown).
5-HT1 receptor family is involved in the control by 5-HT of GABAergic expression
To identify which type of 5-HT receptor mediates the effects of exogenous application of 5-HT described above, we selectively blocked the different types of 5-HT receptors known to be present in ventral parts of the spinal cord (Verge and Calas, 2000) and analyzed GABA expression at the brachial level in spinal cords maintained 4 DIC without the medulla. At this stage of development in culture, the difference in the expression of the GABAergic density without 5-HT (pCPA medium) and with 5-HT (pCPA plus 5-HT medium) is at its largest (Fig. 4 , compare D, L, black bars at 4 DIC, and Fig. 5 , between control and 5-HT). The addition of the 5-HT 1A receptor antagonist (Fig. 5, WAY) to the 5-HT medium prevents the decrease in the density of GABA-IR cells ( p Ͻ 0.05; Dunn's test between ϩWAY and 5-HT). Similarly, chronic application of the 5-HT 1B receptor antagonist (Fig. 5, SB) prevents the reduction of the density of GABAergic cells ( p Ͻ 0.05; Dunn's test between ϩSB and 5-HT).
In contrast, neither the 5-HT 2A/2C receptor antagonist (Fig. 5, ketanserin) nor the 5-HT 3 receptor antagonist (Fig. 5, 3 -TI-3-CM) prevented the inhibiting 5-HT action on the maturation of the GABAergic population at 4 DIC. This pharmacological demonstration indicates that 5-HT exerts its downregulating effect on the GABAergic population through the 5-HT 1 receptor family.
Role of 5-HT descending inputs on the maturation of the GABAergic population
In light of our results, indicating that 5-HT controls the expression of the GABAergic intraspinal population during embryonic development, it is important to know whether 5-HT fibers play the key role in this ontogenic phenomenon or whether other phenomenon may also be involved. To test this hypothesis, organotypic cultures of embryonic spinal cords with the medulla intact and with pCPA in the culture medium were prepared to examine the effects of selectively blocking of 5-HT synthesis while leaving other descending systems unchanged (Fig. 6 ). Under such experimental conditions, the maturation of the GABAergic population, both at brachial and lumbar levels, expressed a similar pattern of development to that observed when neither the medulla nor 5-HT is present (compare Figs. 4 D, 6D) . Indeed, the peak of GABA-IR cell density was detected at 2 DIC (first stage of culture development statistically different from E11.5; p Ͻ 0.05; Dunn's test; 65.9 Ϯ 17.5 ϫ 10 3 cells/mm 3 and 98.0 Ϯ 5.3 ϫ 10 3 cells/mm 3 at the brachial and lumbar levels, respectively) and followed by a substantial decrease from 4 to 8 DIC. These data mean that, in the absence of 5-HT because of the blockage of its synthesis in the raphe nuclei, the development of the GABAergic population appears synchronous along the spinal cord at the examined stages of culture development. Hence, the 5-HT system seems to be solely responsible for the rostrocaudal delay in development of the GABAergic population. If we compare the maturation of the GABA cells in the presence or absence of descending Figure 5 . Implication of the 5-HT 1 receptor family in the downregulating effect of 5-HT on the maturation of the GABAergic cell population. Organotypic preparations were maintained for 4 DIC without the medulla and in the presence of pCPA, and the density of GABA-IR cells was then quantified at the brachial level. As illustrated in Figure 3D , a high number of GABA-IR cells is observed in the control condition (pCPA; black bar). The addition of 5-HT to the medium, however, decreases the density of GABA-labeled cells (light gray bar). In the presence of the 5-HT 1A receptor antagonist (WAY) or 5-HT 1B receptor antagonist (SB), the downregulating effect of 5-HT is not observed. In the presence of either the 5-HT 2A/2C receptor antagonist (ketanserin) or 5-HT 3 receptor antagonist (3-TI-3-CM), however, the inhibiting effect is still observed. *p Ͻ 0.05 versus the 5-HT control (Dunn's post hoc test) .
inputs, the maximum density of GABA cell is detected earlier at lumbar levels when descending inputs are absent: 2 DIC in the absence of 5-HT descending inputs (Fig. 6 D, gray bar) and 6 DIC in their presence (Fig. 2 L, gray bar) . However, as observed in the absence of all descending inputs (Fig. 4 D) , this earlier maturation is not present at brachial levels: peak of density at 2 DIC with ( 
Discussion
Emergence of inhibitory interneuronal populations is a key step in the construction of functional spinal motor networks. This inhibitory component is dependent on the establishment of intraspinal GABA-IR and glycine-IR interneurons that progressively switch during embryogenesis from an excitatory to inhibitory mode of action. Whereas the mechanisms underlying this switch from excitation to inhibition are well studied, the control of the emergence of GABA and glycine phenotypes is poorly documented. This point is rather important regarding the putative role of GABA itself in the switch from excitation to inhibition (Ganguly et al., 2001; Leitch et al., 2005) . Our study demonstrates that the 5-HT supraspinal system controls the emergence of GABA interneurons. We show that (1) the maturation of GABAergic cells is similar in utero and in organotypic cultures (i.e., this population emerges after a rostrocaudal gradient and presents a peak of expression), (2) the peak expression is dependent on the presence of supraspinal 5-HT, and (3) 5-HT exerts a downregulation on the emergence of the GABAergic phenotype via 5-HT 1 receptors.
Transient expression of GABA
Our analysis of the ontogeny of GABA cells in the mouse spinal cords maintained in organotypic culture reveals a transient increase in their density, as described in utero (Fig. 2 A-G) (Allain et al., 2004b) . This increase may be explained by either a transient expression of glutamic acid decarboxylase (GAD) in ventral neurons or a redistribution of the GABA-IR neurons toward more dorsal parts of the spinal cord, possibly accompanied by programmed cell death (Yamamoto and Henderson, 1999) . Recent data using organotypic cultures of spinal cord slices support the first hypothesis and indicate that the extinction of GABA labeling in ventral somata may be attributable to a rapid translocation of GAD from cell bodies to synaptic terminals (Phelps et al., 1999; Tran et al., 2003) . Considering that we describe a transient increase in GABA-IR somata both in utero and in organotypic culture of isolated spinal cords (without modulatory descending inputs), it is probable that intrinsic factors (intraspinal) rather than extrinsic factors (supraspinal or peripheral sources) are involved in the transient expression of GABA. Furthermore, the expression of the GABA phenotype independently of extrinsic factors has also been reported in dissociated cells of the embryonic cortex and cultured dorsal root ganglion neurons (Gotz and Bolz, 1994; Chauvet et al., 1995) . Downregulation of the GABA phenotype by 5-HT 5-HT promotes the emergence of the GABA phenotype as demonstrated by the graft of embryonic raphe cells in the injured spinal cord (Dumoulin et al., 2000) and by immortalized serotonergic precursors (Eaton et al., 1998) . However, our data highlight an opposite role of 5-HT on the GABA phenotype that may be as a result of the embryonic nature of the spinal cords. Indeed, it is likely that 5-HT effects vary according to the developmental stage of the neuronal tissue. Interestingly, differential effects of GABA on the expression of neuropeptide Y have been described during the maturation in vitro of hippocampal interneurons (Marty et al., 1996) .
5-HT receptors involved in the transient expression of the GABA phenotype
5-HT receptors are widely distributed throughout the mammalian CNS (Barnes and Sharp, 1999; Verge and Calas, 2000) , few of them being described in the spinal cord (Marlier et al., 1991) . In the adult spinal cord, 5-HT 1 and 5-HT 2 receptors are involved in (1) the modulation of motor networks (Jackson and White, 1990; Cazalets et al., 1992; Beato and Nistri, 1998) , (2) the modulation of motoneuronal excitability (Takahashi and Berger, 1990; Wang and Dun, 1990) , and (3) spinal cord recovery (Antri et al., 2003; Norreel et al., 2003) . The role of these receptors in the maturation of embryonic networks is poorly understood. Although it has been shown that 5-HT 1A receptors are present in rat embryonic brainstem cultures (Hillion et al., 1994) , the presence and development of 5-HT 1A and 5-HT 1B receptors has been studied mainly in early postnatal stages in various structures of the CNS, including the spinal cord (Bennett-Clarke et al., 1993; Miquel et al., 1994; Talley et al., 1997) . These studies, which demonstrate an early and dynamic expression of 5-HT 1A and 5-HT 1B receptors, indicate that these receptors are important during development Figure 6 . Role of 5-HT descending inputs on the maturation of the GABAergic spinal population. A, Schematic drawing of the spinal cord and medulla maintained in culture with pCPA to eliminate 5-HT synthesis. B, After 2 DIC, numerous cells and processes are stained for GABA at the brachial level. C, After 6 DIC, the number of GABA-IR cells has diminished. D, The quantification of the evolution in culture of the number of GABA-IR cells indicates that GABA maturation is similar at brachial and lumbar levels, with no rostrocaudal delay and a common peak of GABA cell density at 2 DIC (first asterisks). *p Ͻ 0.05 (Dunn's post hoc test) compared with E11.5. The arrows indicate GABA-IR neurites, and the arrowheads indicate GABA-IR soma. The dotted lines indicate the midline. n ϭ 6 for each stage of development. (Gaspar et al., 2003) . In a previous study, we showed that 5-HT inputs repress the expression of ectopic intraspinal 5-HT cells through 5-HT 1A receptors . Our results highlight the role of the 5-HT1 receptors in the negative control by 5-HT descending inputs of the transient expression of the GABA phenotype; suggesting that 5-HT 1A and 5-HT 1B receptors are also present in the early stages of mouse embryonic development and play an important role in the emergence of neural networks. Finally, 5-HT exerts its control on the emergence of embryonic spinal neuronal networks through 5-HT 1 receptors, whereas in postnatal stages, this bio-amine acts prominently on 5-HT 2 receptors to shape mature spinal motor networks (Norreel et al., 2003) .
Spatio-temporal differential effect of 5-HT on GABA phenotype expression Our in vitro results showing a difference in the time window for the appearance of the GABA-IR peak between brachial and lumbar levels are in agreement with the ones reported in utero (Fig. 2) (Allain et al., 2004b) . In addition, our data demonstrate that there is a differential downregulating rostrocaudal (brachial versus lumbar) effect on the GABA phenotype expression because of endogenous 5-HT coming from the descending raphe fibers but not from either the endogenous intraspinal or the exogenously applied 5-HT, as illustrated in the summary diagram (Fig. 7) . However, when we compare the maturation of the GABA phenotype in the absence of 5-HT but with (Fig. 7C,D) or without (E, F ) the medulla, an upregulating effect on the GABA phenotype occurs. Indeed, when the medulla is present (i.e., other descending inputs are present), the GABA phenotype develops earlier than when the medulla is absent. These data suggest that other inputs from the medulla may speed up the maturation processes. Among possible descending inputs, noradrenergic inputs could be candidate because they invade the spinal cord at early stages (Commissiong, 1983) but not before 5-HT inputs (Rajaofetra et al., 1989; Ballion et al., 2002) . Moreover, peptidergic inputs described as colocalized in 5-HT axons must be considered as well as GABA descending inputs that are expressed in 5-HT axons (Hokfelt et al., 2000) .
Regulation by 5-HT on the expression of the GABA phenotype might be linked to the maturation of the bulbo-spinal descending inputs controlling the regulation of receptor-dependent cascades and/or to an activity-dependent mechanism. A recent study in the developing spinal cord of Xenopus laevis embryos has demonstrated that suppression or enhancement of spike activity in vivo causes homeostatic changes of the transmitter phenotype (Borodinsky et al., 2004) . Spike suppression increases the expression of excitatory transmitters (glutamate, acetylcholine) and decreases the occurrence of inhibitory transmitters (GABA, glycine), whereas spike enhancement has the opposite effect. We have previously shown that 5-HT acts via an excitatory mode of action on embryonic mouse spinal networks and leads to an enhancement of spike production in motor networks (Branchereau et al., 2000) . In a similar way, 5-HT produces a depolarizing effect that affects a higher number of motoneurons between E12 and E18 in the chick spinal cord (Muramoto et al., 1996) . Our results do not support the observations of Borodinsky et al. (2004) , suggesting an increase in the GABA transmitter phenotype when 5-HT-dependent activity is higher. However, if we assume that early in the development GABA acts as an excitatory transmitter , then the 5-HT downregulating effect on GABA expression becomes relevant.
Our data show that the role of 5-HT in promoting activitydependent phenomenon via its descending inputs is directly related with the timing of arrival of spinal cord-invading terminals. 5-HT inputs invade the lumbar level only after 6 -8 DIC (Fig. 3) ; therefore, they are likely unable to trigger activity at earlier stages. In this context, one can imagine the following developmental mechanisms: (1) the GABAergic cellular population emerges at rostral levels before the arrival of supraspinal 5-HT inputs (Fig.  2 A) (Ballion et al., 2002) and (2) this population of GABAergic cells progressively drives the expression of GABA toward caudal levels. Indeed, as reviewed by Lauder et al. (1998) , it is known that GABA might play a trophic role, promoting its own pheno- type. In the same way, two studies indicate that GABA drives its own developmental switch from excitatory to inhibitory response to GABA (Ganguly et al., 2001; Leitch et al., 2005) . Whereas 5-HT descending inputs do not seem to interfere with the establishment of the GABA population at brachial level, they exert a strong downregulation on the expression of this population at the lumbar level. This downregulation of supraspinal 5-HT inputs at caudal levels may be necessary for the delayed establishment of inhibitory inputs in motor networks located at lumbar levels to match the maturation of peripheral targets and the arrival of sensory inputs that start to be functional at birth (Mears and Frank, 1997; Koo and Pfaff, 2002 ) (for review, see Glover, 2000) .
